Prolonged hypobaric hypoxemia attenuates vasopressin secretion and renal response to osmostimulation in men. J Appl Physiol 92: 1911-1922, 2002. First published January 11, 2002 10.1152/japplphysiol.00936.2001.-Effects of hypobaric hypoxemia on endocrine and renal parameters of body fluid homeostasis were investigated in eight normal men during a sojourn of 8 days at an altitude of 4,559 m. Endocrine and renal responses to an osmotic stimulus (5% hypertonic saline, 3.6 ml/kg over 1 h) were investigated at sea level and on day 6 at altitude. Several days of hypobaric hypoxemia reduced body weight (Ϫ2.1 Ϯ 0.4 kg), increased plasma osmolality (ϩ5.3 Ϯ 1.4 mosmol/kgH 2O), elevated blood pressure (ϩ12 Ϯ 1 mmHg), reduced creatinine clearance (122 Ϯ 6 to 96 Ϯ 10 ml/min), inhibited the renin system (19.5 Ϯ 2.0 to 10.9 Ϯ 0.9 mU/l) and plasma vasopressin (1.14 Ϯ 0.16 to 0.38 Ϯ 0.06 pg/ml), and doubled circulating levels of norepinephrine (103 Ϯ 16 to 191 Ϯ 35 pg/ml) and endothelin-1 (3.0 Ϯ 0.2 to 6.3 Ϯ 0.6 pg/ml), whereas urodilatin excretion rate decreased from day 2 (all changes P Ͻ 0.05 compared with sea level). Plasma arginine vasopressin response and the antidiuretic response to hypertonic saline loading were unchanged, but the natriuretic response was attenuated. In conclusion, chronic hypobaric hypoxemia 1) elevates the set point of plasma osmolality-to-plasma vasopressin relationship, possibly because of concurrent hypertension, thereby causing hypovolemia and hyperosmolality, and 2) blunts the natriuretic response to hypertonic volume expansion, possibly because of elevated circulating levels of norepinephrine and endothelin, reduced urodilatin synthesis, or attenuated inhibition of the renin system. endothelin-1; hypertonic saline; sodium excretion; urodilatin WATER AND SODIUM BALANCE ARE often affected by high altitude. During acute hypoxemia (hours), renal excretion rates of sodium and water usually increase (15, 16, 21, 51) but thereafter stabilize at an unchanged or lower level compared with normoxemia (1, 25, 30).
After several days of hypoxemia, total body water can be reduced by 1-3 liters (11, 18, 22) , possibly due to a greater loss of insensible water because of lower humidity and increased respiration (17) or to a reduced intake of water and sodium because of poor thirst and appetite (22) . Maintenance of water intake at altitude, however, does not prevent the decrease in total body water (11) , indicating that renal mechanisms are probably involved.
Provided that oral water intake is adequate, water balance is mainly regulated through changes in plasma osmolality and plasma concentration of arginine vasopressin. Results obtained after 3-4 days at 3,000 m (36) and after several days at 5,400 and 6,300 m (4) showing that plasma vasopressin was reduced or unchanged despite an increase in plasma osmolality indicated that the relationship between plasma osmolality and plasma vasopressin was changed in the direction of reduced sensitivity. The expected increase in plasma vasopressin after infusion of hypertonic saline has been reported to be absent after 3-4 days at 3,000 m but not during short-term normobaric hypoxemia induced by breathing of hypoxic gas (36) . A reduced vasopressin response to hypertonic saline infusion was also found in humans adapted to altitude living (35, 38) . Previous results, therefore, suggest that sustained hypoxemia modulates vasopressin secretion perhaps because of a reduced sensitivity to changes in plasma osmolality. Vasopressin secretion is mainly regulated by osmoreceptors in hypothalamus (42) , but changes in cardiovascular hemodynamics may also play a role. Moreover, plasma cortisol concentration, known to increase at high altitude (11, 15, 28, 40) , may inhibit vasopressin secretion (31, 32) .
Although body fluid homeostasis involves a complex interaction between several physiological systems, most earlier high-altitude studies have focused on the effect of hypoxemia on individual components in water and sodium homeostatic mechanisms, and, moreover, time-dependent changes mostly have remained uninvestigated. The aim of the present study was to describe the time-dependent, altitude-induced changes in important endocrine and renal parameters involved in the regulation of sodium and water homeostasis during a sojourn of 8 days at 4,559 m. Furthermore, we tested the hypothesis that hypoxemia attenuates the vasopressin response to an osmotic stimulus as presented by an infusion of hypertonic saline at day 6 at altitude.
METHODS
Eight male subjects (aged 22-32 yr, mean of 26 yr; weight 65.7-80.2 kg, mean of 72.3 kg; height 174-187 cm, mean of 182 cm) participated in the experiment after they had given their written, informed consent. They were all sea level residents and were recruited among students. All subjects had a negative history of cardiovascular and kidney disease and were healthy as indicated by a physical examination and normal plasma concentrations of hemoglobin, creatinine, sodium, and potassium. The protocol was approved by the regional scientific ethical committee of Copenhagen, Denmark (j.no. KA95129).
Subjects were investigated at sea level (Herlev Hospital, University of Copenhagen) and during a sojourn of 8 days at high altitude (Capanna Regina Margherita, Mt. Rosa, Italy, 4,559 m, equivalent to a barometric pressure of ϳ435 Torr). Transportation to the Regina Margherita hut took place by helicopter. Sea level experiments were performed at least 2 wk before or 6 wk after altitude exposure.
At sea level, subjects were instructed to restrict to their normal diet and to avoid salty and spicy meals for 3 days before each study day. In the same period, they were instructed to avoid strenuous physical activity and alcohol-and caffeine-containing drinks, to abstain from smoking, and to have at least 6 h of sleep per night. Furthermore, they were instructed to fast for 8 h before the experiment and, for sea level experiments, use passive transportation to the laboratory to minimize physical activity on the study day. At altitude, all subjects ate the same diet provided by the staff at the Capanna Margherita, but food and fluid intake were ad libitum except during fasting for 8 h before investigation. All other instructions were identical to those at sea level.
Protocol 1: adaptation to altitude. At sea level, subjects were studied on two occasions separated by an interval of 7 days. At high altitude, subjects were studied on days 1, 2, and 3 and again on days 6, 7, and 8. Subjects awoke at 7:00 AM for voiding and measuring of body weight but thereafter rested in supine position. Symptoms of acute mountain sickness (AMS) were determined according to the Lake Louise AMS scoring system (41) . A venous cannula was placed in a cubital vein. After at least 10 min of rest, blood pressure and heart rate were measured manually by a sphygmomanometer. Peripheral oxygen saturation was measured by a pulsoximeter (Nellcor model N-3000, Pleasanton, CA) with the sensor attached to an ear lobe. Thereafter, 25 ml of venous blood were sampled for determination of osmolality and concentrations of hemoglobin, albumin, sodium, potassium, creatinine, renin, aldosterone, atrial natriuretic peptide (ANP), vasopressin, epinephrine, and norepinephrine. On each study day, a 24-h urine collection was performed, starting at 6:00 PM on the day of arrival (day 0), for measurements of urine volume, urine osmolality, and concentrations of sodium, potassium, creatinine, albumin, and urodilatin.
At sea level, subjects arrived at the laboratory at 8:00 AM on two different occasions, and the same procedure as at altitude was carried out. Sea level measurements are, therefore, expressed as mean values of two measurements made on two different days. However, plasma concentrations of epinephrine and norepinephrine, peripheral oxygen saturation, and AMS score were only determined once at sea level.
As part of another protocol (23) , investigation of glucose homeostasis, involving a 2-h, euglycemic, hyperinsulinemic clamp, was performed on days 2 and 7 after the samples of protocol 1 had been obtained.
Protocol 2: hypertonic load. All subjects were studied on three occasions: 1) a time-control experiment at sea level (Herlev Hospital, University of Copenhagen), 2) a hypertonic saline load at sea level at the hospital, and 3) a hypertonic saline load on day 6 at high altitude (4,559 m). On the study day, subjects awoke at 7:00 AM, and, after voiding, a water load of 500 ml was ingested. Water diuresis was obtained by replenishing renal and extrarenal losses with water. Urine volume was measured after each time subjects voided, and thereafter the same amount of water plus 1 ml/kg body wt (to replace extrarenal losses) was ingested. After subjects were weighed, they were confined to a resting supine position except for briefly standing during voiding every 60 min. Venous cannulae were placed in the cubital vein of both arms for infusion of hypertonic saline and withdrawal of blood samples, respectively. After 60 min of equilibration, five consecutive periods of 60 min each, including one baseline period (period 1), one infusion period (period 2), and three recovery periods (periods 3-5), were carried out. During the 60-min infusion period, subjects received an intravenous infusion of hypertonic saline (5%, ϳ856 mM) at an infusion rate of 3.6 ml ⅐ kg body wt Ϫ1 ⅐ h Ϫ1 . During the time control experiment, no infusion was given. Urine volume was determined for each period, and urine samples were obtained for measurements of urine osmolality and concentrations of sodium, potassium, creatinine, albumin, and urodilatin. Blood samples of 30 ml were obtained every 60 min at the end of the first four periods for measurements of osmolality and concentrations of sodium, potassium, creatinine, renin, aldosterone, ANP, arginine vasopressin, endothelin-1, epinephrine, and norepinephrine. Blood pressure and heart rate were measured manually by a sphygmomanometer every 60 min in the middle of each period. Body weight, after subjects were allowed to void, was measured immediately when subjects arrived to the laboratory and at the end of the last period.
Analyses. Urine concentrations of sodium, potassium, and creatinine were measured with a Vitros 250 (Ortho Clinical Diagnostics, Rochester, NY). Plasma concentrations of sodium, potassium, creatinine, and albumin were determined with a Vitros 950 (Ortho Clinical Diagnostics). Hemoglobin concentrations were measured in heparinized blood (OSM-3, Radiometer, Denmark). Osmolality in plasma and urine was measured by freezing-point depression (Gonotec Osmomat 030D, Berlin, Germany). Concentrations of albumin in urine were measured by enzyme immunoassay (10) . Plasma concentrations of hormones and urine concentrations of urodilatin were measured by radioimmunoassays. Blood samples for hormone measurements were obtained in precooled polyethylene tubes containing EDTA and aprotinin (Novo Nordisk, Bagsvaerd, Denmark). All blood samples were centrifuged immediately at 4°C, and plasma was stored immediately on dry ice and thereafter at Ϫ18°C until measurement. Plasma and urine samples were acidified with acetic acid, and peptides were extracted with the use of C18 Sep-Pak cartridges (Waters, Millipore, Bedford, MA), as previously described (8) . ANP immunoreactivity was determined by using an antibody purchased from Peninsula Laboratories (Merseyside, UK) by a procedure previously described (46) . Intra-assay variation coefficients at an ANP concentration of 20 pg/ml were ϳ5%. Extraction recovery of unlabeled ANP was 70%. Vasopressin immunoreactivity was determined with the use of a specific antibody (kindly provided by Dr. Joergen Warberg) (20) according to a procedure described by Emmeluth et al. (9) . There was negligible cross reactivity with oxytocin, vasotocin, and angiotensin II. Detection limit was Ͻ0.2 pg/ml. Extraction recovery of unlabeled vasopressin added to plasma was 85%. Intra-assay variation coefficient was 8% at a vasopressin concentration of 1.2 pg/ml. Endothelin-1 immunoreactivity in plasma was determined with the use of an antibody purchased from Peninsula Laboratories by a procedure previously described (8). Detection limit was Ͻ0.9 pg/ ml. Extraction recovery of unlabeled endothelin-1 added to plasma was 93%. Intra-assay variation coefficients at an endothelin-1 concentration of 6 pg/ml were ϳ10%. Plasma renin concentration was measured by a two-site, two-monoclonal antibody immunoradiometric assay with plastic beads for solid phase (Nichols Institute, San Juan Capistrano, CA). The bound antibody was directed against the active site of renin, whereas the other antibody was iodinated. Limit of detection was 2 mU/l. One milli-international unit per liter obtained by the assay is equivalent to 0.6 g/l of active renin (49) . Intra-and interassay coefficients of variation were 4 and 5%, respectively. Aldosterone concentration in plasma was measured by radioimmunoassay in unextracted EDTA/ aprotinin plasma (Diagnostic Products, Los Angeles, CA). Detection limit was 41 pmol/l. Intra-and interassay coefficients of variation were 10 and 15%, respectively. Urodilatin immunoreactivity in urine was determined by a specific antibody (S1969, kindly supplied by Biomedica, Vienna, Austria), as previously described (3). Cross-reactivity with human ANP-(99-126), human ANP-(4-28), rat ANP, endothelin-1, vasopressin, and angiotensin II was Ͻ0.001%. Detection limit was 0.5 pg/ml urine, and extraction recovery of unlabeled urodilatin was 94% for protocol 1 and 70% for protocol 2. Intra-assay coefficients of variation were 13.4%, with a concentration of 6 pg/ml of urine. Results of radioimmunoassays were not corrected for incomplete recovery. For catecholamine measurements, blood was sampled in precooled polyethylene tubes containing EGTA and glutathione. Concentrations of epinephrine and norepinephrine in plasma were measured by a radioenzymatic assay in protocol 1, as previously described (6), and by high-pressure liquid chromatography in protocol 2.
Missing values. In protocol 2, one subject had difficulty in emptying the bladder during voiding, which was reflected by irregular values of urinary excretion rates of creatinine. This subject was therefore excluded from the calculations of renal clearances and urinary excretion rates.
Statistical analysis. Results are presented as means Ϯ SE. Data from protocol 1 were subjected to a one-way ANOVA for repeated measures. In cases of P Ͻ 0.05, differences between sea level and altitude values were evaluated by NewmanKeuls test. Data from protocol 2 were subjected to a two-way ANOVA for repeated measures within series and between series. In cases of P Ͻ 0.05, differences between baseline and infusion periods, between time control and infusion series, and between sea level and altitude series were evaluated by Newman-Keuls test. P Ͻ 0.05 was considered to indicate significance. In cases of variance inhomogeneity, data were subjected to logarithmic transformation before statistical evaluation.
RESULTS
Adaptation to altitude. After arrival at high altitude, all subjects rapidly developed symptoms of AMS. On day 1, all subjects had three or more points on AMS score, but symptoms thereafter subsided and AMS score declined toward zero (Table 1) . Oxygen saturation declined to 76 Ϯ 4% on day 1 but thereafter increased gradually (Table 1) . Body weight declined at altitude in all subjects and was significantly reduced on day 8 by 2.4 Ϯ 0.4 kg compared with body weight at sea level (Table 1) .
Heart rate and blood pressure increased from day 1 at altitude ( Fig. 1, A and B) . Mean arterial blood pressure increased from 84 Ϯ 2 mmHg at sea level to between 91 Ϯ 4 and 96 Ϯ 3 mmHg at high altitude. Systolic pressure increased from day 1, whereas diastolic pressure was not significantly elevated until day 3. As a result, pulse pressure increased on day 1 but was not different from sea level on days 2-8. Norepinephrine tended to increase at altitude (ANOVA: P Ͻ 0.09), but significant changes could not be detected because of considerable variations between subjects (Fig. 1C) . Epinephrine concentrations in plasma gradually decreased at high altitude (Fig. 1C) .
Plasma osmolality increased on days 3-8 at altitude from 291 Ϯ 1 mosmol/kgH 2 O at sea level to a maximum of 296 Ϯ 1 mosmol/kgH 2 O on days 6 and 7 (Fig. 2) . Plasma vasopressin concentrations decreased from 1.1 Ϯ 0.2 pg/ml at sea level to a minimum of 0.4 Ϯ 0.1 pg/ml on day 7 (Fig. 2) .
Hypoxemia caused marked decreases (ϳ50%) in plasma concentrations of renin and aldosterone, whereas ANP concentrations remained unchanged (Fig. 3) . Urodilatin excretion rate declined on days 2-8 compared with that at sea level (Fig. 3) . However, on day 6, urodilatin excretion rate increased and was significantly higher than rates on days 2, 3, 7, and 8, coinciding with the hypertonic saline infusion given on day 6 (protocol 2). Hemoglobin concentrations increased from day 1 at altitude (Table 2 ). Plasma so- AMS, point dium concentrations decreased on days 1-3 but thereafter returned to a level not different from that at sea level. The same pattern was observed for plasma potassium concentration. Plasma creatinine concentrations were elevated on days 2-8 at altitude. Plasma albumin concentrations remained unchanged.
Urine flow rates increased on days 1 and 2, whereas sodium excretion rates remained unchanged in the presence of a reduction in potassium excretion (Table 3 ). On days 6 and 7, urinary excretions of sodium and water were elevated because of increased water and sodium intake during the investigation on day 6 (protocol 2). Albumin excretion rates more than doubled on days 1 and 2. Creatinine excretion rate remained unchanged, but because of the increase in plasma creatinine, renal clearance of creatinine decreased to a minimum of 96 Ϯ 10 ml/min on day 7 (Table 3) . Thus creatinine clearance, as determined by 24-h urine collections, was unchanged during the first 2 days at altitude but thereafter decreased significantly by 16-24%.
Hypertonic load. Heart rate and mean arterial blood pressure were increased by 24 and 30%, respectively, on day 6 compared with measurements at sea level (Table 4 ). Hypertonic saline loading had no effect on these increased heart rates and blood pressures.
Baseline values of plasma renin concentration were reduced by 28% at altitude. Hypertonic loading at sea level suppressed renin by 31%, but at altitude renin concentration remained unchanged (Fig. 4A) . Baseline aldosterone concentrations were unchanged at altitude but were suppressed by saline loading in both environments by ϳ50% (Fig. 4B) . Concentrations of endothelin-1 more than doubled at altitude, but in both environments they were unaffected by saline loading (Fig.  4C) . Plasma ANP concentrations were unchanged at altitude compared with sea level but increased by 40-50% during saline infusions (Fig. 4D) . Plasma concentration of norepinephrine was significantly increased on day 6 but remained unchanged during infusions (Fig. 4E) . Baseline values of plasma osmolality increased on day 6 at altitude compared with sea level (from 293 Ϯ 1 to 298 Ϯ 1 mosmol/kgH 2 O; Fig. 5A ). In response to saline infusion, osmolality increased by very similar amounts (ϳ5 mosmol/kgH 2 O) in both environments but thereafter declined toward baseline level. Baseline vasopressin level was suppressed to 0.2 Ϯ 0.1 pg/ml due to the sustained water loading inherent to the protocol but increased after hypertonic infusion to 0.6 pg/ml (Fig. 5B) . Because of technical problems, vasopressin samples obtained at sea level did not provide meaningful results. Plasma sodium concentration increased and plasma albumin concentration decreased expectedly in response to saline loading in both environments (Table 5) .
Free water clearance and urine excretion rate were high in the baseline periods due to water intake but decreased by ϳ60% after saline infusion (Figs. 5C and 6A). Responses at sea level and altitude were similar. Sodium excretion rates increased in response to hypertonic loading in both environments, but natriuretic response was significantly smaller at altitude (65 vs. 141%; Fig. 6B ). Urodilatin excretion rate unexpectedly decreased after hypertonic infusion in both environments (Fig. 6C) . However, measurement of urodilatin in the 24-h urine collections revealed that, on day 6, urodilatin excretion rates were significantly higher than on days 2, 3, 7, and 8. On day 6, when use of water diuresis during the four consecutive 1-h clearance periods is expected to have increased the precision of renal clearance measurements, creatinine clearance was consistently reduced by 24-36% compared with that at sea level (Table 6 ). Creatinine clearance was unaffected by saline infusion in both environments.
DISCUSSION
The present study demonstrates that hypoxemia modulates the normal relationship between plasma osmolality and plasma vasopressin so that the plasma osmolality-to-plasma vasopressin function curve is displaced to the right. However, the vasopressin response and the renal antidiuretic response to an osmotic stimulus are not attenuated at altitude in contrast to the acute natriuretic response to hypertonic sodium loading, which unexpectedly was reduced.
In agreement with previous investigations (13, 19, 29, 39, 53) , we found that heart rate and blood pressure increased within 24 h and remained elevated during all 8 days at altitude. Recently, we reported that systolic blood pressure, heart rate, and plasma epinephrine increased on day 1 at altitude but declined again on day 5, whereas diastolic and mean blood pressures continued to rise in parallel with plasma norepinephrine (19) . Most probably, elevated blood pressure and heart rate in hypoxemia is a result of increased peripheral resistance secondary to increased plasma levels of norepinephrine (19, 25, 29, 30, 36) and to augmented sympathetic nerve activity in hypoxemia (43, 44) .
The prompt increase in hemoglobin concentration at altitude, which occurred long before the erythropoietic effect of hypoxemia could become significant, indicates the presence of hemoconcentration. Concomitantly with an increase in plasma osmolality of 5 mosmol/ kgH 2 O, body weight declined 2-3 kg during the 8 days at altitude, indicating a loss of body water. Previously, use of direct measurements in animals and humans have shown that hypoxemia decreases total body water, intracellular body water compartment, and plasma volume in the presence of an increase of the extracellular compartment (11, 18, 22) . In part, hemoconcentration in hypoxemia may result from an increase in capillary permeability (14) , which in renal glomerular capillaries results in a marked albuminuria (14) , as also found in the present study (Table 3 ). Taken together, the results of the present study indicate that hemoconcentration occurred at altitude because of body water reduction and possibly also because of increased capillary permeability.
Creatinine clearance was significantly reduced after 3 days at altitude, suggesting a decrease in glomerular filtration rate (GFR). With the use of more ideal markers, we demonstrated previously that altitude hypoxemia for 24-48 h (at 4,350 m) increases renal vascular resistance and slightly decreases effective plasma flow without significant changes in GFR (29) . The present results are in line with this but also suggest that more sustained hypoxemia at this altitude eventually may decrease GFR. This might be caused by increased circulating levels of norepinephrine and endothelin and/or increased activity of renal sympathetic nerves, as indicated by direct measurements in animals (24, 47, 48) . In agreement with previous studies (5, 27), we found that plasma endothelin-1 on day 6 was doubled compared with that at sea level. In high doses, endothelin-1 is known to be a very potent vasoactive peptide that causes systemic and renal vasoconstriction (50) . However, short-term infusion of lower doses of endothelin-1, causing a doubling of the plasma concentration as we observed in the present study, did not increase blood pressure in humans (52) and dogs (45) and may even produce a natriuretic response (45) perhaps secondary to renal medullary vasodilation (12) . It is, therefore, unknown to what extent long-term hypoxemia-induced increases in endothelin-1 are involved in changes of systemic and renal hemodynamics.
In agreement with previous investigations (1, 17, 29, 30), we found that hypoxemia reduced plasma concentrations of renin from day 1 and aldosterone from day 3. In vitro investigations have demonstrated that hypoxia directly inhibits aldosterone secretion from bovine adrenocortical cells (33) , but the mechanism responsible for hypoxia-induced depression of renin secretion still remains unknown. Remarkably, reductions in resting values of renin and aldosterone occur despite an activation of the sympathetic nervous system, which under normal conditions is known to increase renin secretion via ␤-adrenergic stimulation. However, exercise-induced activation of the renin-aldosterone Values are means Ϯ SE (n ϭ 8). pNa ϩ , plasma Na ϩ concentration; pK ϩ , plasma K ϩ concentration; pCreatinine, plasma creatinine concentration; pAlbumin, plasma albumin concentration. * Significantly different from sea level (P Ͻ 0.05). † Significantly different from day 1 at altitude (P Ͻ 0.05). Values are means Ϯ SE (n ϭ 8). V, urine excretion rate; uNa ϩ ⅐ V, Na ϩ excretion rate; uK ϩ ⅐ V, K ϩ excretion rate; uCreatinine ⅐ V, creatinine excretion rate; uAlbumin ⅐ V, albumin excretion rate; uOsmolality, urine osmolality; uOsmolality ⅐ V, osmolar excretion rate. * Significantly different from sea level (P Ͻ 0.05). † Significantly different from day 1 at altitude (P Ͻ 0.05).
system is maintained in hypoxemia (30) . Inhibition of the renin-aldosterone system during acclimatization to hypoxemia may protect against excessive retention of water and sodium and formation of edema, which characterize severe AMS and high-altitude pulmonary edema. The present results confirm that hypoxemia is associated with marked reductions in plasma renin and aldosterone concentrations.
Our results also demonstrate that hypoxemia modulates the normal relationship between plasma osmolality and plasma vasopressin concentration because vasopressin declined despite an increase in plasma osmolality during the 8 days at altitude. Therefore, the function curve of osmolality (abscissa) and vasopressin (ordinate) in plasma was shifted to the right, i.e., a given vasopressin concentration requires a higher osmolality compared with sea level. Vasopressin secretion is mainly regulated by osmoreceptors in the hypothalamus, but stimulation of baroreceptors in the arterial and venous systems by increases in blood pressure or volume may also change the relationship between osmolality and vasopressin (42) . It is possible that vasopressin secretion during hypoxemia in this study was suppressed by the increase in systemic blood pressure. However, reduced sensitivity to changes in plasma osmolality or the expected elevation in plasma cortisol concentration may have contributed as well.
To test whether hypothalamic sensitivity to an osmotic load is reduced in hypoxemia, we investigated the endocrine and renal response to an infusion of hypertonic saline. Intravenous administration of hypertonic saline increases plasma osmolality and induces net transfer of water from the intra-to the extracellular space. Hypertonic saline infusion, therefore, provides an osmotic as well as a volume stimulus to the body. During the time control experiment, no infusion was given, and the effects of hypertonic infusion can, therefore, be determined by comparison of the two responses at a given point in time. Hypertonic loading increased plasma osmolality by 5 mosmol/ kgH 2 O in both environments, indicating that the osmotic stimulus was the same, although baseline values of plasma osmolality were different. Because of sustained water loading, plasma vasopressin concentration was suppressed to 0.2 Ϯ 0.1 pg/ml, but afterward saline infusion increased by a factor of 3 on day 6 at altitude. Unfortunately, in the present study, vasopressin could not be measured from sea level samples, but in another study from our laboratory (2) the vasopressin response to hypertonic saline loading at sea level (the same amount of sodium but given as 2.5% saline over 20 min) was equivalent to the response we found at altitude in the present study. Moreover, the antidiuretic response and the decline in free water clearance were the same in the two environments, indicating similar renal effects. Therefore, provided that renal sensitivity to vasopressin is not changed by hypoxemia, the results demonstrate that vasopressin secretion in response to an osmotic stimulus is not attenuated on day 6 at altitude. This is in contrast to the results reported by Ramirez et al. (36) showing that the expected increase in plasma vasopressin after infusion of hypertonic saline was abolished after 3-4 days at 3,000 m but not during short-term hypoxemia induced by breathing of hypoxic gas. A reduced vasopressin response to hypertonic saline infusion was also found in humans adapted to altitude living (35, 38) . Results suggest that either the hypobaric condition or the longer period of hypoxemia was responsible for the suppression of the vasopressin response. Noteworthy Table 4 . Effects of saline infusion on heart rate and blood pressure was the fact that the lack of vasopressin response had previously been associated with elevated levels of plasma cortisol (36, 37) . Increased plasma cortisol levels have been suggested to be involved in hypoxemiainduced inhibition of vasopressin secretion in dogs (34) . In conscious dogs, sustained elevation of plasma cortisol decreased plasma vasopressin concentration (32) and attenuated the vasopressin response to hypertonic saline infusion (33) independent of changes in blood pressure and blood volume. In humans, plasma cortisol concentrations increase during the first days of hypoxemia (11, 15, 28, 40 ) but thereafter return to sea level values (11) . In agreement with this, measurements in our laboratory's subjects (23) showed that plasma cortisol level tended to increase on day 2 (from 201 Ϯ 24 to 334 Ϯ 75 nmol/l, P ϭ 0.078) but not on day 7 (232 Ϯ 28 nmol/l) at 4,559 m. It is therefore possible that, in our study, increases in plasma cortisol during the first days in hypoxemia were involved in the inhibition of basal vasopressin secretion, but thereafter other mechanisms may have been involved. Possibly, the vasopressin response to hypertonic saline infusion was unchanged because plasma cortisol concentration on day 6 had returned to that at sea level. Narrowing of the pulse pressure is known to be a codeterminant of vasopresin release. We found pulse pressure to be significantly increased on day 1 but thereafter unchanged compared with sea level. All in all, the results suggest that the increase in arterial blood pressure was the main cause of the depression of basal vasopressin secretion. An increased pulse pressure and elevated cortisol levels, during the first days at altitude, might have augmented this effect, whereas hyperosmolality, on the other hand, may have had the opposite effect. Moreover, the possibility cannot be excluded that the effects of hypoxemia on baroreflex sensibilty confounded the results. Hence, the net effect of these alterations may have been balanced so that basal vasopressin secretion in sustained hypoxemia was reduced.
Consistent with previous studies (1, 26, 29) , sodium excretion rate remained unchanged at high altitude. However, the natriuretic response to hypertonic saline infusion was attenuated on day 6 at high altitude. Increased activity of renal sympathetic nerves is expected to increase the reabsorption of sodium, whereas suppression of the renin-aldosterone system, as seen in hypoxemia, has a natriuretic effect. Hypoxemia suppressed baseline concentrations of plasma renin. This suggests that inhibition of angiotensin II-mediated reabsorption of sodium may have been involved in the maintenance of baseline natriuresis at altitude in the presence of the reduction of GFR. Plasma renin concentration declined expectedly in response to hypertonic loading at sea level but not at altitude perhaps because of marked inhibition by hypoxemia. A lack of additional inhibition of angiotensin II-mediated sodium reabsorption may be part of the attenuated natriuretic response to sodium loading at altitude. Effects of aldosterone and ANP probably were not involved because the responses to sodium loading remained unchanged at altitude. It cannot, however, be excluded that a diminished sodium intake due to AMS induced loss of appetite, blunted an increase in sodium excretion during the first days of hypoxemia, and contributed to attenuation of the natriuretic response to hypertonic infusion.
The natriuretic peptide, urodilatin, has been suggested to be a possible mediator of renal sodium excretion (7) . With the use of a newly developed assay (3), we observed that 24-h excretion rates of urodilatin were attenuated at altitude. Thus urodilatin was probably Fig. 5 . Effects of saline infusion on plasma osmolality (pOsm; A), plasma vasopressin concentration (pVasopressin; B), and free water clearance (cH2O; C). Values are means Ϯ SE (n ϭ 8). E, Time control at SL; F, saline infusion at sea level; OE, saline infusion at high altitude. * Significant deviations from baseline (P Ͻ 0.05). † Significant difference between time control and saline infusion at SL (P Ͻ 0.05). § Significant difference between saline infusion at SL and at high altitude (P Ͻ 0.05). Fig. 6 . Effects of saline infusion on urine excretion rate (V; A), sodium excretion rate (uNa ϩ ⅐ V; B), and uUrodilatin ⅐ V (C). Values are means Ϯ SE (n ϭ 8). E, Time control at SL; F, saline infusion at SL; OE, saline infusion at high altitude. * Significant deviations from baseline (P Ͻ 0.05). † Significant difference between time control and saline infusion at SL (P Ͻ 0.05). § Significant difference between saline infusion at SL and at high altitude (P Ͻ 0.05).
not responsible for maintaining natriuresis in hypoxemia, but it is possible that depression of the baseline values was involved in the attenuated natriuretic response to sodium loading. Sodium loading on day 6 increased the 24-h renal excretion rate of urodilatin compared with at days 2, 3, 7, and 8 (P Ͻ 0.05). However, in the four 1-h observation periods during and after hypertonic sodium loading, urodilatin excretion did not increase, indicating that urodilatin-induced sodium excretion, in the present situation, could be a slow-acting system, effective only several hours after hypertonic load. This attenuation of 24-h urodilatin excretion and the blunted urodilatin response to hypertonic loading were also observed during prolonged bed rest (2) . It is, therefore, possible that the body fluid volume, which is reduced during bed rest and possibly also during sustained hypoxemia, is important for the urodilatin response to acute sodium loading. Also, it cannot be excluded that an increase in urodilatin excretion rate was not detected because urodilatin concentrations in urine, due to sustained water diuresis, were close to the detection limit of the assay.
Thus sodium excretion was unchanged at altitude despite reductions in creatinine clearance due, perhaps, to hypoxemia-induced inhibition of the reninaldosterone system. The natriuretic response to hypertonic sodium loading was attenuated at altitude, possibly due to lack of additional inhibition of the renin-aldosterone system and maybe also because of a reduction in baseline urodilatin synthesis.
The results demonstrate that several days of hypoxemia lead to hypovolemia, hyperosmolality, elevated blood pressure, reduced GFR and urodilatin synthesis, inhibition of the renin-angiotensin-aldosterone system in the presence of reduced plasma levels of vasopressin, and increased levels of circulating norepinephrine and endothelin-1. Hypovolemia and hyperosmolality may, at least in part, be secondary to hypertensioninduced suppression of vasopressin secretion. The vasopressin response and the renal antidiuretic response to hypertonic saline loading were preserved in sustained hypoxemia, but the natriuretic response was attenuated.
In conclusion, chronic hypobaric hypoxemia 1) elevates the set point of the plasma osmolality-to-plasma vasopressin relationship, possibly due to the concurrent hypertension, thereby causing hypovolemia and hyperosmolality, and 2) blunts the natriuretic response to hypertonic volume expansion possibly due to ele- vated circulating levels of norepinephrine and endothelin, reduced GFR and urodilatin synthesis, or attenuated inhibition of the renin system. Perspectives. The present study demonstrates that hypobaric hypoxemia induces hypovolemia and hyperosmolality due to suppression of vasopressin release. Although the antidiuretic response to saline loading was unchanged at altitude, it is possible, however, that reduced renal sensitivity to vasopressin is also involved in the loss of body water. This is indicated by previous studies where hypoxemia-induced diuresis was observed concomitantly with unchanged or increased plasma levels of vasopressin (15, 51) . This question should be addressed by comparison of the renal responses to vasopressin infusion at sea level and at high altitude.
We confirmed that hypoxemia induces hypertension concomitantly with elevated levels of plasma norepinephrine. Moreover, we found a 100% increase of the plasma endothelin-1 concentration. Recently, we reported that prolonged hypoxemia elicited an augmented vasoactive response to an adrenergic activation such as that elicited by local cooling (19) . Thoracic fluid index increased with cooling, suggesting an increase in pulmonary vascular resistance that pointed to a possible mechanism behind the development of high-altitude pulmonary edema. The possible involvement of endothelins and other vasoactive agents in this response remains hypothetical.
The blunted natriuretic response to hypertonic volume expansion in hypoxemia observed in the present study could be explained by elevated circulating levels of norepinephrine and endothelin, reduced GFR and urodilatin synthesis, or absence of renin system inhibition. Further studies, however, are required to explain to what extent each of these components are involved in the altered regulation of sodium excretion in hypoxemia.
